Galvanic corrosion of aircraft bonded joints as a result of adhesive microcracks  by Anes, V. et al.
ScienceDirect
Procedia Structural Integrity 1 (2016) 218–225
Available online at www.sciencedirect.com
 
Av ilable o line at www.sciencedire t.com 
ScienceDirect 
Structural Integ ity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016.  
XV Portuguese Conference on Fracture, PCF 2016, 10-12 February 2016, Paço de Arcos, Portugal 
Thermo-mechanical modeling of a high pressure turbine blade of an 
airplane gas turbine engine 
P. Brandãoa, V. Infanteb, A.M. Deusc* 
aDepartment of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal 
bIDMEC, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal 
cCeFEMA, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal  
Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
This paper studies the root causes of a corrosion failure found in the Airbus A320 CFM56-5b intakes. This failure occurs in a
dissimilar materials joint and is strongly related to the adhesive loss of integrity at very low temperatures. The ductility reduction of
the adhesive at low temperatures promotes the microcracks formation within the adhesive layer of the bonded joint, which in turn
sparks the corrosion process. These microcracks allow the infiltration of dust, moisture, contaminants and salt water in the interface
between the adhesive and adherents, which promotes the creation of a dielectric between the joint adherents and consequently their
galvanic corrosion. Results show that the thermal strains of the dissimilar joint materials at very low temperatures significantly
reduces the adhesiv load margin reserved for drag loads. Some rem rks are drawn in orde to mprove the joi t corrosio resistance.
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1. Introduction
Scientific based research in corrosion of composite aircraft structures has been made during decades, especially
in aluminium sandwich structures. Currently, the 2024 T3 (duraluminium) and 7075 T6 aluminium alloys are the
most studied where the major focus has been on pre-treatments, coatings, and eco-friendly approaches in corrosion
prevention processes Bierwagen et al. (2010). The front end of recent corrosion research is on the pursuit of alterna-
tive coatings based in nano-particles in order to achieve effective barriers to corrosion in aluminium aerospace alloys
Voevodin et al. (2006). Moreover, corrosion research has been also focused in corrosion resistance improvement of
aluminium alloys by developing new heat treatments. The major objective is to reduce the aluminium alloys suscepti-
bility to stress-corrosion cracking, which has creating huge concerns about air transport safety Cina (1974). In general,
the presence of corrosion damage reduce the fatigue lives of components to a severe extent and has been the focus of
intense research in the 7075 T6 aluminium alloy DuQuesnay et al. (2003). Moreover, on this same alloy, studies were
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conducted to modelling the effect of exfoliation corrosion in the fatigue strength of corroded structures Liao et al.
(2007). In these studies non-destructive evaluation techniques has been used to correlate the exfoliation level with
the structure remaining fatigue life. Non-destructive testing techniques (NDT) have been playing a important role in
corrosion research, specially in the field corrosion monitoring and repairs on condition Achenbach and Thompson
(1991). In this paper, a corrosion failure commonly found in the A320 turbofan intakes is analysed. This failure oc-
curs in the contact region between the intake acoustic panels and the titanium attachment ring. Figure 1 depicts the
A320 intake geometry, and the corrosion failure spot. The intake inner barrel comprises three acoustic panels made of
aluminium sandwich structures attached to the titanium ring with lockbolts, please see Figure 1 b).
Fig. 1. A320 intake a) geometry and assembly b) inner barrel panel.
Figure 2 shows a typical corrosion pattern found in the intake acoustic panels where galvanic corrosion is found
between the titanium ring and the aluminium doubler. The galvanic dielectric has its root causes in the adhesive
microcracks, therefore understand the integrity loss of the bonding adhesive is crucial to fully characterize this failure.
Microcracks are strongly related to high stress levels experienced by the bonding adhesive, thus in this study it is
performed a finite element analysis to understand the loading type and stress level that cause the adhesive damage.
The focus in simulations was the low temperature effect on the adhesive integrity by correlating the thermal stress
level at the dissimilar materials interface with the adhesive shear lap strength. The major concern was the stress levels
at the interface place between the titanium attachment ring and the aluminium doubler. Titanium and aluminium have
different thermal expansion coefficients, thus under low temperatures they will experience different contraction strains.
Due to that, in the dissimilar materials interface, we will find a relative contraction resulted from different strain levels,
which creates interface stresses. These stresses will be the same experienced by the adhesive, since its function is to
bond both surfaces without slipping.
2. Materials and Methods
The A320 acoustic panels are made of two aluminium alloys, namely the AA 2024 T3 for the outer skins and
doublers and the AA 5052 for the honeycomb core. Moreover, the bond adhesive of the titanium-aluminium joint is
the Hysol EA 934, which is a first-generation adhesive. In this study, the bond performance of a second-generation
adhesive, the Hysol EA 9394, is correlated with the EA 934 strength for several thermal loadings. The idea is to
inspect the viability of replacing the EA 934 by the EA 9394 adhesive in order to improve the joint resistance against
corrosion. Figure 3 shows the EA-934 and EA-9394 stress vs. strain response at room temperature. The trend lines of
these curves depicted in each graph will be used to estimate the adhesive thermal stresses.
The temperature range of structural adhesives is high; usually the working temperature ranges from -50 °C to 150
°C. At high temperatures they have a ductile behaviour, but at low temperatures they are brittle and become prone to
microcracks formation. During the life cycle of an aircraft is more likely that they experience more often very low
temperatures in the field than high temperatures, especially the ones near the upper working limit, which only occur
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Fig. 2. Aluminium doubler after the titanium ring removal.
Fig. 3. EA-934 and EA-9394 stress vs. strain response da Silva (2011).
in repair actions. Therefore, several FEA simulations were performed in Ansys workbench in order to understand the
low temperature effects on the adhesive joint integrity. The main focus was the contact strains between the attachment
ring and the aluminium doubler in order to understand the stress levels involved in this type of joints under very low
temperatures. The joint was modelled in real scale and comprises four parts, namely, the titanium ring, the aluminium
doubler, the aluminium honeycomb, and the aluminium perforated face sheet, please see Figure 4.
In simulations the four parts described in Figure 4 were assembled together with bonding contact settings, in order
to simulate the stress levels experienced by the adhesive layer. Figure 4 b) shows the mesh performed in each joint
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Fig. 4. Joint finite element model a) Joint assembly, b) Joint mesh.
component. In the field, it is usual to find longitudinal cracks in the aluminium doubler with long paths, please see
Figure 5.
Fig. 5. Aluminium alloy longitudinal cracks.
In order to understand the effect of thermal cycles in the longitudinal crack growth it was performed a stress
intensity analysis considering the thermal stresses experienced by the aluminium doubler, here the objective is to
understand if the crack growth of these cracks are related with thermal stresses or not. Figure 6 shows the crack
modulation on the aluminium doubler front end. Figure 6 a) shows the crack location on the aluminium doubler and
Figure 6 b) shows the crack mesh. The crack has a 2.5 mm length (major radius in Figure 6 a) ) and 1 mm deep,
(minor radius in Figure 6 a)).
Some assumptions were made in the finite element model to overcome the computational limitations found during
this study. First, the honeycomb core was not geometric modulated; instead equivalent orthotropic properties were
determined for the honeycomb (PAA 5052 AL Alloy with 1/8 IN cell and 0.003 IN foil). This procedure is well ac-
cepted in industry with reasonable good results in engineering applications. The second assumption was the necessity
to modulate the entire joint, i.e. the attachment parts were modulated in full scale. This approach captures the con-
traction forces and their distribution in all contact surfaces, which is very difficult to obtain with symmetric boundary
conditions usually performed to reduce the allocation of computational resources. Third, the adhesive layer was not
covered in the FEA model; instead it was assumed that the adhesive layer would experience the same contact strains
found between the titanium attachment ring and the aluminium doubler, this assumption is valid if the adhesive and
adherents are truly bonded. Fourth, the titanium lockbolts were removed from the FEA model to reduce the model
size. However, in the field the hybrid joint strength is obtained from both rivets and adhesive. Therefore, the results
obtained with this assumption will be conservative i.e. due to the rivets the stress levels in the adhesive will be lower
than the ones determined here. Fifth, the adhesives EA-934 and EA-9394 have a working temperature range from
-50°C to 150°C, however in the field the working temperature range can be updated to -50 °C to 50 °C. Thus, in the
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Fig. 6. Fracture analysis a) Crack location and geometry b) Crack mesh.
FEA simulations it was considered nine thermal loadings, namely -50, -40, -30, -20, -10, 0, 20, 40, and 50 degrees
Celsius, where the starting temperature in all simulations was room temperature at 22°C.
3. Results and discussion
Figure 7 a) shows the maximum shear stress gradient for the joint assembly, and Figure 7 b) shows the evolution of
the maximum shear stress on the interface between the titanium ring and the aluminium doubler for the thermal loading
at -30°C. As can be seen, the aluminium doubler has higher stresses on the contact surface with the titanium ring than
with the aluminium honeycomb. The perforated face sheet and the honeycomb core have the lowest maximum shear
stresses. This is so, because the face sheet, the honeycomb core, and the aluminium doubler have similar thermal
expansion coefficients, thus there is no relative strains between them. This is why both face sheet and honeycomb core
have the same maximum shear stresses, i.e. same stress gradient colour in both components; please see Figure 7. The
contact stresses depicted in Figure 7 b) result from different thermal strains at contact region, which are the result of
different thermal expansion coefficients of the aluminium doubler and the titanium ring.
Fig. 7. Maximum shear stress results for -30°C thermal loading, a) full assembly, b) Doubler surface contact stress gradient.
Figure 8 shows the typical stress gradient found in the aluminium doubler front-end where the stress gradients vary
abruptly in the contact region between the two dissimilar materials. In this case the shear stress gradient varies from
65 MPa to 0,4 MPa in a 3 mm span. This result indicates that the maximum stress levels occur in the front end of the
joint, which is also the place where corrosion starts to appear.
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Fig. 8. Shear stress gradient at the aluminium doubler edge.
Figure 9 presents the summary of the numeric results for the von Mises and Maximum shear stresses. These results
were obtained for the temperature range -50°C to 50°C at the vicinity of the doubler front end.
Fig. 9. Numeric results at the aluminium doubler front end, a) equivalent stresses temperature evolution, b) equivalent strains temperature evolution.
The stress values of Figure 9 were evaluated on the spot identified by the label depicted in Figure 7 b). Figure 9 a)
shows the von Mises and Maximum shear stresses evolution with the temperature variation. These equivalent stresses
are commonly used to estimate stress states under multiaxial loading conditions, which is the case of the adhesive
stress states under different thermal loadings. Figure 9 b) shows the von Mises and Maximum shear equivalent strains
variation with temperature. As expected the variation pattern is very similar to the equivalent stresses depicted in
Figure 9 a). Correlating the 2024 T3 yield stress with the von Mises equivalent stress at -50°C we may conclude that
the doubler stress level at -50°C is 60% lower than the 2024 T3 yield stress, thus the cracks found in the aluminium
doubler front end and depicted in Figure 5 does not result uniquely from thermal loads. However, the doubler stress
level experienced in the field at -50°C results from thermal loads plus drag loads. Therefore, if the drag load (not
covered in this study) cause stress levels with the same order of magnitude found in the thermal loads then the fatigue
damage will be very high with stress levels reaching 80% of the 2024 T3 yield stress.
Figure 10 shows the stress vs. temperature estimates for the adhesives EA-934 and EA-9394. These results were
obtained with the numeric strain vs. temperature estimates shown in Figure 9 b) and with the adhesives stress vs.
strain curves shown in Figure 3. As can be seen, the stress level experienced by the adhesive layer in both adhesives is
very far from their lap shear strength. However, the EA-9394 adhesive has higher marginal stresses than the EA-934
adhesive, please see Figure 11 a) where the adhesives correlation regarding their marginal stress is depicted. Here,
224 V. Anes et al. / Procedia Structural Integrity 1 (2016) 218–225
V. Anes et al. / Structural Integrity Procedia 00 (2016) 000–000 7
marginal stress is the additional stress amplitude before the adhesive collapse in respect to the thermal stresses at each
temperature load. Figure 11 b) shows the EA-9394 relative strength in respect to the EA-934.
Fig. 10. Stress vs. Temperature estimates for a) EA-934, and b) EA-9394.
Fig. 11. Adhesives correlation, a) marginal stress b) relative strength.
The results depicted in Figure 11 indicate that the EA-9394 adhesive have higher stress margins. In average, the
EA-9394 strength is 40% higher than the EA-934, which make the EA-9394 a good candidate to replace the EA-934
adhesive. Moreover, as previously discussed here, stress levels equal to 80% of the 2024-T3 yield stress will cause
severe fatigue damage in the aluminium doubler and will double the adhesive strain. However, doubling the EA-934
strain at -50°C will lead to stress levels close to the EA-934 lap shear strength, please see Figure 10 a). Thus, in this
circumstances the EA-934 will collapse before the aluminium doubler. On the other hand, the EA-9394 adhesive have
higher stress margins, thus doubling the load strains at -50°C will not reach its lap shear strength, please see Figure 10
b). Figure 12 shows the stress intensity variation of longitudinal cracks in the aluminium doubler front end obtained
for the crack geometry depicted in Figure 6 a). The interpretation of these results will help in the understanding of the
root causes of the longitudinal cracks usually found in corroded aluminium doublers, please see Figure 5 b). The idea
is to inspect if the crack opening process results from thermal stresses or is a consequence of the corrosion process.
Moreover, if the crack growth is a consequence of corrosion in which way the thermal stresses affects the crack
growth process. Based in the stress intensity results found for the 2024 T3 aluminium doubler we can conclude that
these results are very far from the 2024 T3 fracture toughness that is 26 [MPa
√
m]. Even doubling the stress levels at
the doubler front end the stress intensity factors will remain very far from 26 [MPa
√
m]. Therefore, the longitudinal
cracks found in the aluminium doubler are more related to the aluminium corrosion than with local stresses.
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Moreover, if the crack growth is a consequence of corrosion in which way the thermal stresses affects the crack
growth process. Based in the stress intensity results found for the 2024 T3 aluminium doubler we can conclude that
these results are very far from the 2024 T3 fracture toughness that is 26 [MPa
√
m]. Even doubling the stress levels at
the doubler front end the stress intensity factors will remain very far from 26 [MPa
√
m]. Therefore, the longitudinal
cracks found in the aluminium doubler are more related to the aluminium corrosion than with local stresses.
8 V. Anes et al. / Structural Integrity Procedia 00 (2016) 000–000
Fig. 12. Stress intensity factors I, II, and III of longitudinal cracks at doubler front end.
4. Conclusion
In this paper, the effect of low temperatures in the corrosion strength of a bonded joint of two dissimilar materials
was studied. The study started by determining the stress levels experienced by the joint for temperatures ranging from
-50°C to 50°C. Next, it was determined the adhesives stress levels in the same temperature range, and finally, the
stress intensity factors created by thermal stresses were estimated for longitudinal cracks usually found in the joint.
It was concluded that for the most severe thermal loadings, the thermal stresses at doubler front end do not have the
required amplitude to cause the joint damage, but the stress amplitudes reserved for drag forces is strongly reduced.
The bonding strength of the EA-934 and EA-9394 adhesives was correlated with their stress levels experienced at the
joint. The EA-9394 adhesive proved to have better mechanical performance, thus their use is advised in this type of
joints. Moreover, the EA-934 have lower lap shear strength and experiences higher bonding stresses, which suggests a
higher susceptibility to microcracks formation at very low temperatures, which may explain the contamination found
in the corrosion spots.
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